Abstract. Collective cell motility and its guidance via cell-cell contacts is instrumental in several morphogenetic and pathological processes such as vasculogenesis or tumor growth. Multicellular sprout elongation, one of the simplest cases of collective motility, depends on a continuous supply of cells streaming along the sprout towards its tip. The phenomenon is often explained as leader cells pulling the rest of the sprout forward via cell-cell adhesion. Building on an empirically demonstrated analogy between surface tension and cell-cell adhesion, we demonstrate that such a mechanism is unable to recruit cells to the sprout. Moreover, the expansion of such hypothetical sprouts is limited by a form of the Plateau-Taylor instability. In contrast, actively moving cells -guided by cell-cell contacts -can readily populate and expand linear sprouts. We argue that preferential attraction to the surfaces of elongated cells can provide a generic mechanism, shared by several cell types, for multicellular sprout formation.
Introduction
The collective motility of interconnected cells is a poorly understood, but fundamental, process during development [32] . Arguably, cell sorting is the best studied process involving simultaneous displacement of closely packed cells [38, 49] . The differential adhesion hypothesis and its computational representations -based on the Potts model [18, 24] or analogous lattice-free variants [35, 4] -successfully explain the outcome as well as the time-course of cell sorting experiments [1] . However, the cell types used in sorting experiments move diffusively within bulk, uniform environments far from cell type boundaries [38] , although some temporal and spatial correlations are detectable [49] .
Less is known how polarized cells, i.e., cells that maintain their directional motility in time, coordinate their motility during collective migration. As reviewed in [14] and [32] , the collective movement of cell chains, sprouting, is of great importance during development and in certain diseases such as tumor growth. Multicellular sprouting is often considered as a special case of sheet migration, the expansion process of a monolayer into an empty area or "wound". During sheet migration cells at the boundary exert substantial traction forces [10] and are thought to pull the passive bulk of the sheet forward [9] . Similarly, cells participating in sprout formation are often divided into two subpopulations and the process is explained as leader cells pulling a gliding bulk of passive, "stalk" cells by means of cell-cell adhesion [14] . The assumption that the stalk population is not participating in active cell motion is based on observations that these cells have few connections with the extracellular matrix (ECM) environment [14] , or lack filopodia [17] .
We argue, that the above view is inconsistent with the widely accepted models of cell-cell adhesion. In particular, cadherin-mediated cell-cell adhesion has been repeatedly shown to be analogous to surface tension [12, 11, 5, 13, 21] , and has been modeled accordingly in theoretical studies [18, 24, 35] . Surface tension-stabilized structures are, however, prone to the Plateau-Rayleigh instability: a liquid jet with a circular cross-section should break up into drops if its length exceeds its circumference [8, 23] . Due to this instability, as we demonstrate below, a sprout pulled by a leader cell should also break up. Therefore, multicellular sprouting cannot be fully accounted for solely by the presence of leader cells and cell-cell adhesion. Instead, we suggest that while stalk cells may be detached from the matrix, due to cell-guided motility their motion should not be entirely passive -and in the presence of autonomous cell motility the arguments for the Plateau-Rayleigh instability do not apply.
Motility analysis of certain cell cultures revealed that stalk (sprout) cell surfaces are more attractive migration targets than the surfaces of well-spread cells in the aggregate bulk [45] . As cells in the sprout tend to be elongated, we proposed that cells attach preferentially to elongated cells [46] . While the underlying molecular mechanism is unclear, micromechanical differences between sprout and well-spread cells [26] and their detection through mechano-sensing may represent a plausible potential mechanism. Utilizing computer simulations, preferential attraction to elongated cells has been shown to result in network assembly within a system of initially scattered cells. However, as we demonstrate below and in Fig. 8 of [6] , our formerly proposed models could not adequately reproduce multicellular sprouting from a reservoir of adherent cells as (i) movement of the sprout tip is not sufficiently persistent resulting in curved branches; (ii) the previously formed sprout bodies move sideways; and (iii) the speed of expansion diminishes over time. In this study we explore a cell-autonomous mechanism (i.e., a mechanism independent of extracellular chemical or mechanical guidance fields) for multicellular sprouting that utilizes both the leader-cell concept and the preferential attachment of cells to elongated neighbors.
Empirical data
In experimental systems, where sprouting activity has been analyzed in detail, active and passive cell states can be, indeed, distinguished based on the degree of cellular motility. During the formation of the early vasculature in quail embryos clusters of non-motile cells are maintained while highly motile multicellular sprouts invade avascular areas [39, 6] . In mouse allantois explants rapidly migrating sprout precursor cells appear within a cluster of cells lacking autonomous motility [36] . In cultures of C6 cells linear branches contain highly motile cells whereas cells remain non-motile in the well-spread, isotropic clusters [45] .
By analyzing published image sequences, in Fig. 1 we demonstrate that the speed of sprout expansion is steady in each of these cases. Furthermore, the sprout is often surprisingly "fluid", i.e., cells move with different velocities and thus the order of cells within the sprout can be changed.
Cellular Potts Model of interacting, motile cells
We analyze cell-guided sprouting by means of a two dimensional Cellular Potts Model (CPM), a frequently used method to deal with movements of close packed cells [18, 24] . The main advantage of the CPM approach is that cell shape is explicitly represented, thus the simulation can resolve cell intercalation, an important mode of configuration rearrangement. To obtain a biologically plausible, yet simple model, we augment the CPM with cell-autonomous motility.
The CPM is defined on a lattice, where each lattice site is labeled with an integer σ. Cells are represented as simply connected domains, i.e., a set of adjacent lattice sites sharing the same label σ, equal to the cell index i (0 < i ≤ N , where N is the number of cells in the simulation). Furthermore, we also distinguish arbitrarily shaped cell free areas, where σ = 0.
Cell movement is resulted from a series of elementary steps. Each step is an attempt to copy the label value from a random lattice site a to an adjacent site b. This elementary step is executed with a probability p(a → b). If the domains remain simply connected, thus cells do not break apart or form holes, the probability assignment rule ensures (i) the maintenance of a target cell size, (ii) adhesion of cells and (iii) active cellular motion:
where w is a bias responsible for the specific dynamics considered and H is a goal function to be minimized. The difference ∆H(a → b) is obtained by evaluating H both at the current configuration and at the configuration obtained after the elementary step a → b has been applied. Since updating each lattice position takes more steps in a larger system, the elementary step cannot be chosen as a unit of real time. Instead, the usual choice for time unit -the Monte Carlo
elementary steps, where L is the linear system size [30, 3] . Cell-cell adhesion, cell compressibility and cell boundary roughness are controlled through the CPM Hamiltonian [18] as [36] ). A cell moving from the middle of the sprout to the tip is marked with a diamond. E,F: expansion of a two-cell-wide linear sprout in cultures of C6 cells (data re-analyzed from [45] ). The initial tip cell (marked 'v') is taken over by a faster migrating cell (marked '<'). The latter cell slows down after reaching the tip, and thus the overall sprout elongation speed remains unchanged.
The first term in Eq. (3.2) enumerates cell boundary lengths. The summation goes over adjacent lattice sites, and the J i,j interaction matrix (0 ≤ i, j ≤ N ) is given as
β, for ij = 0 and i = j (free cell boundary).
The surface energy-like parameters α and β characterize cell-cell adhesions and cell surface fluctuations in the model. The magnitude of these values determines the roughness of cell boundaries: small magnitudes allow dynamic, long and hence curvy boundaries, while large magnitudes restrict boundaries to straight lines and thus freeze the dynamics. This correlation between measured surface energies and cell surface roughness has been elegantly demonstrated with tumor spheroids [21] . The parameter 2β − α specifies the preference of cell-cell connections over cell-medium boundaries: free cell boundaries are penalized for 2β > α [19] .
The second term in Eq. (3.2) is responsible to maintain a preferred cell area: for each cell k the deviation of its area from a pre-set value is denoted by δA k . Cellular compressibility is set by λ
We refrain from using a temperature-like parameter, as rule (3) of [18] , analogous to our rule (3.1), simply scales each CPM parameter α, β and λ by the temperature, a constant. Thus, when comparing our studies with those that include a temperature in the simulations, our parameter values are to be compared with the corresponding values divided by the temperature.
While H evaluates configurations, w is assigned directly to the elementary step and thus allows the specification of a broad spectrum of cellular behavior. Here we consider three effects and thus compose w as w 1 + w 2 + w 3 , where the terms describe (1) cell polarization and the resulting persistent directional motility [44] , (2) non-uniform membrane dynamics along the cell perimeter, and (3) the preferred attachment to elongated cells [45] , respectively.
Cellular self-propulsion is introduced through the cell polarity vector p k , which represents spatial differences in the biochemical state of cell k [27] and alters the probability assigned to elementary steps according to [44] :
where P k sets the magnitude of autonomous motility (Fig. 2) . Motivated by statistical analyses of single cell motility data [41] , we propose to update the cell polarity vectors by considering a spontaneous decay and a reinforcement from cell displacements. In each MCS the change in p k is
where r k is the rate of spontaneous decay and ∆x k is the displacement of the center of cell k during the MCS considered. A characteristic memory length T k of the polarization vector is defined as T k = 1/r k . Therefore, we propose a positive feedback loop involving cell movement and polarity [44] . This loop may correspond to the established molecular feedback regulation of the activation The probability of the a → b step depends on both its location and direction. According to Eq. (3.4), the direction b − a is projected onto the normalized polarity vector of the cell, p σ(a) . Eq. (3.6) increases membrane fluctuations at the front of the cell, while attenuates elsewhere. The width of the leading edge is 2ψ radians, measured from the cell's center of mass (x, blue dot) and polarity vector direction p σ(a) . As the elementary step considered is at site a, the angle between a − x and p σ(a) is φ.
of rho GTPases and processes involved in cellular motility such as expansion of the cytosol and polymerization of cytoskeletal elements [50, 37, 7] . Cell polarity also controls cell shape changes as membrane dynamics is more pronounced at the leading edge and inhibited at the sides and trailing edge [27] . Thus, if ψ is the half-width of the leading edge, p σ(a) is the polarity vector of cell σ(a) (which contains lattice site a, see Fig. 2 ), we assume
In Eq. (3.6) S k sets the magnitude of this effect for cell k, φ(u, v) denotes the absolute value of the angle between the vectors u and v, and f (α) = 2Θ(α) − 1 is conveniently constructed using a Heaviside function Θ(α). Notice, that w 2 depends only on k = σ(a), the expanding cell. Finally, w 3 describes the preferential attachment to elongated cells as introduced in [45] :
where for cell k the strength of preference is set by χ k , and θ k is its measure of anisotropy. As 
Simulations
Multicellular sprout expansion was studied with numerical simulations using a suitably modified version of the CPM code of [30] . Simulations were initiated from compact aggregates of 25-50 cells. The linear system size, L = 300, was chosen as sufficiently large to allow sprout extension without interaction with the boundaries. Spatial and temporal calibration of the model has been performed in [44] by comparing simulated monolayers with time-lapse recordings of endothelial cultures plated at high cell density. Cell areas were set to 50 lattice sites, which calibrates the lattice distance to ≈ 5µm. Computational time was measured in Monte Carlo steps (MCS), i.e., L 2 spin conversion attempts [30] . Based on the comparison of the average cell speeds of simulated and experimentally observed [43, 44] cells, 1 MCS corresponds to ≈ 1 minute in real time -a value similar to the ones used in other CPM studies [30, 3] .
Equations (3.2)-(3.7) contain 8 parameters which describe the behavior of model cells: α (cost associated with cell-cell contacts), β (cost associated with free cell surfaces), λ −1 (2D compressibility), P (self-propulsion activity), T (polarity vector memory length), S (coupling between boundary activity and cell polarity), ψ (half-width of the leading edge) and χ (preference for elongated cells). The first three of these defines the basic CPM [18] , P and T is our representation of active cell motility analyzed in detail in [44] , and the last three parameters correspond to the specific cell behavior patterns we model.
As we model a homogeneous cell population, we assign the same set of parameter values to each cell. The only exception is the persistence time, which is used to distinguish leader and passive cells. Thus, we assume that the polarization of passive cells decays almost instantaneously (T passive = 1 MCS), while the polarization is quite persistent in leader cells (T leader = 500 MCS). Polarization, therefore, has no substantial effect on the motion of passive cells: they lack directed motion and perform a random walk in the absence of cell-cell interactions (data not shown).
The compressibility λ
does not play a role in the sprouting processes considered here, thus we fixed λ = 1. The surface energy-like quantities α and β are, however, in the focus of this study. Their magnitudes set the flexibility of cell interfaces. As the chance for a spontaneous fluctuation (the creation of a one-lattice-site bulge) at the free cell boundary is exp(−2β), in accord with the literature [38, 2, 3] we considered values in the range 0 < β ≤ 6 and α ∈ {1, 2}.
Results

Cell-cell adhesion alone is insufficient to maintain cell supply to expanding sprouts
By setting w 3 ≡ 0, we studied the ability of leader cells to recruit cells into the sprout by relying on the well understood, surface tension-like cell-cell adhesion alone. Simulations were performed with leader and passive cells for a wide range of the CPM parameters α and β; thus controlling the flexibility of cell-cell and free cell boundaries, respectively (Fig. 3) . The ability of a leader cell to pull a sprout depends on the interplay between the surface tension of the aggregate, β, and the propulsion strength P . For large enough β the increase in the perimeter of the area encompassed by the cell blocks the forward movement of the sprout tip. On the other hand, if the propulsion strength P is too large, the tip cell moves too fast for the passive cells to respond. Thus, for each set of CPM parameter values we determined the lowest propulsion strength P that still leads to a (slow) sprout expansion.
In simulations performed with minimal sprout expansion speeds the leader cell deforms the shape of the aggregate and pulls a few passive cells into the forming sprout. Then, the sprout length is increased at the expense of its width -reminiscent e.g., to the reported dynamics of tracheal tube formation in fruit flies [32] . However, after the sprout has sufficiently narrowed, cell-cell connections break: passive cells are pulled back to the initial aggregate leaving the leader cell, and possibly a few passive cells, in a separate cluster. As Fig. 3 demonstrates, the sprout at its maximal length contains 3-4 cells on average.
The maximum sprout length increases with β (the penalty associated with free cell surfaces) and slightly decreases for increasing α. The decrease in α allows for more interdigitated and hence stable cell-cell contacts. Increasing the surface tension of the cell clusters, β, yields more compact aggregates and thicker sprout bases. When β < α/2, cells dissociate from the aggregate and diffuse freely on the substrate.
The inability of surface tension to maintain a sprout can be seen by simple geometrical arguments. Due to the similarity between cell-cell adhesion and surface tension [11] we only need to compare cell perimeter lengths and their associated CPM Hamiltonian (3.2) in a long sprout of width d and at a surface of an aggregate (Fig. 4) . For simplicity we consider only rectangular cells at their target area A, but the argument can be easily extended to more complex shapes. A cell located at the surface of an aggregate contributes
to the CPM Hamiltonian, as borders between cells are accounted for twice. Since a cell at the surface can adjust its width to minimize H, its contribution becomes
In contrast, the width of a cell in a sprout is set by the sprout thickness, and the corresponding contribution to (3.2) is If β > α/2, it is easy to show that for arbitrary d:
Thus, a cell always prefers to be at the surface of an aggregate, rather than in a sprout -which blocks surface-tension driven cell recruitment at the sprout base.
Spontaneous sprout formation in a model with preferential attachment to elongated cells
We suggested previously that sprouts could be stabilized by preferential attraction to elongated cells [46] and a simpler CPM system (w 1 ≡ 0 and w 2 ≡ 0) was explored with simulations [45] . As w 3 = 0, the dynamics of the whole system is not a surface tension-driven relaxation process towards equilibrium. However, the motion of a single cell in a given environment is still governed by effective surface energies (see Eq. (9) in [45] ). The lower effective surface energy (α) values associated with contacts on elongated sprout cells decreases expression (5.3). Preferential attraction to elongated cells, therefore, can offset the penalty for long free boundaries, and thus invalidate the instability condition (5.4). In similar systems without leader cells but with w i = 0 for i = {1, 2, 3}, random fluctuations in cellular motility can initiate spontaneous sprouts by displacing a cell from an aggregate (Fig. 5) . Since the displaced cell continues to attach to the aggregate, it assumes an elongated shape which attracts additional cells into the sprout. This spontaneous sprouting process -i.e., without specialized leader cells -is heavily influenced by the strength of surface tension β. If the surface tension is low, free cell surfaces fluctuate more and it is easier for the cells to leave the aggregate. Thus, the unrealistic jagged appearance of cell surfaces is connected with the possibility that such sprouts can develop. Furthermore, irrespective of the strength of surface tension, long sprouts cannot be 
Leader cells and preferential attraction
The unrealistic cell shape and sprout behavior that emerge from the simulations shown in Fig. 5 are partly consequences of ignoring some basic properties of cell motility, such as localized protrusion activity in the front of the cells or directional persistence of cell motility. Furthermore, the motile state of sprout cells is clearly different from those in the aggregate, thus it is reasonable to include leader and passive cells in the model. Simulations of the full model, i.e., with leader cells (P = 4, T = 500MCS), preferential attraction to elongated cells (χ = 3) and localization of membrane protrusions to the leading edge (S = 2, ψ = 0.1) yield sprouting dynamics comparable to that of experimental results (Fig. 6) . Thus, leader cells are able to leave the initial aggregate, then form and maintain an expanding sprout by recruiting passive cells at the sprout base. The shape of the sprout as well as its expansion speed is determined by the persistence time of the leader cell. In particular, faster expansion increases cell elongation, which helps to recruit additional cells at the sprout base.
The effect of localizing the elementary steps to leading edges is demonstrated in Fig. 7 . For S > 0, spin conversions at the leading edge are accepted more frequently. As a consequence, cells become elongated in the direction of their movement which helps recruit cells to the sprout. cell trajectories along the sprout direction reveal cells entering the sprout as well as changes in cell order due to differential motion in the sprout. C: persistence time of polarity defines sprout shape and length, through the polarity persistence parameter T . When the leader cell is more persistent, longer and straighter sprouts form.
Discussion
Sprouting is a collective cellular phenomenon exhibited by several types of tissue cells: avian vasculogenesis [39] and Drosophila trachea formation [32] represent two well-studied examples during embryonic development. Collective chain migration is also ubiquitous during tumor invasion [14] , as well as in cell cultures (both 3D [15] and 2D [45] ). Cell-cell contacts also seem to play a role in neural crest cell migration [47] . Thus, empirical evidence suggest that multicellular sprout formation is a general ability of a wide variety of tissue cells. In this paper we argued that sprout elongation is likely to involve active cellular motility, guided by cell-cell contacts. Furthermore, cell surfaces in the sprout must be more attractive than surfaces of well-spread cells in the aggregate bulk. A plausible mechanism resulting in this behavior could involve the detection of micromechanical properties characteristic for elongated sprout cells [26] . Mechano-sensing of extracellular matrix stiffness has been demonstrated in several cell types [28, 20, 25 ]. An analogous mechano-sensing of cell surfaces is also feasible. For example, VE-cadherin, a major cell-cell adhesion receptor of vascular endothelial cells, was recently shown to be incorporated in cell surface mechano-sensing complexes [48] . The altered composition of cell surface-attached ECM could provide an alternative mechanism to distinguish sprout cell surfaces [15] .
Here we also proposed that leader and passive cells differ in their persistence of cell polarity. Similar results are obtained when the the self-propulsion coefficient P differs between leader and passive cells (data not shown). Currently there is no empirical data available on the motility difference between these cell phenotypes at the level of an isolated cell. It is also unknown if and how long leader cells maintain their behavior when isolated from the rest of the system, or whether cell behaviors can alternate between passive and leader states, and -if so -what affects this transition. The model investigated here results in sprouts that are (i) able to recruit cells from the base, and (ii) are linear structures (iii) with a steady expansion speed. Furthermore, (iv) cells in the sprout can mix and change their order. To achieve this behavior we needed both persistently moving tip cells as well as preferential adhesion to elongated cells. The duration of cell polarity in leader cells, T ≈ 6h is long, however individual endothelial cells can exhibit a persistence time of several hours in low cell density culture [43] .
Another, widely considered sprout-guidance mechanisms involve chemotaxis [16, 42, 30, 2, 31, 3] or mechanotaxis probing the ECM environment. The latter assumes that cells exert mechanical stress on the underlying substrate, and the resulting strain guides cellular motility [34, 33, 29, 40] . Lateral migration of cells can also be limited by ECM fragments [15] , ECM-bound guidance cues such as VEGF isoforms or semaphorins [22] . Cadherin-independent cell-cell adhesions, such as tight junctions are also expected to behave differently from the liquid droplet models, in which the relative movement between adjacent cell bodies is irrelevant as long as the size of their contact surface is preserved. The integration of these cellular mechanisms into a mechanistic model of sprout elongation remains an exciting goal.
